The autonomous MuDR element of the Mutator (Mu) transposable element family of maize encodes at least two proteins, MURA and MURB. Based on amino acid sequence similarity, previous studies have reported that MURA is likely to be a transposase. The functional characterization of MURA has been hindered by the instability of its cDNA, mudrA, in Escherichia coli. In this study, we report the first successful stabilization and expression of MURA in Saccharomyces cerevisiae. Gel mobility shift assays demonstrate that MURA is a DNA-binding protein that specifically binds to sequences within the highly conserved Mu element terminal inverted repeats (TIRs). DNase I and 1,10-phenanthroline-copper footprinting of MURA-Mu1 TIR complexes indicate that MURA binds to a conserved ϳ32-bp region in the TIR of Mu1. In addition, MURA can bind to the same region in the TIRs of all tested actively transposing Mu elements but binds poorly to the diverged Mu The Mutator family of transposable elements of Zea mays is considered to be one of the most efficient gene-tagging systems in eukaryotes. Mutator (Mu) transposable elements were first recognized by Robertson in a line of maize that exhibited a 50-to 100-fold increase in its spontaneous mutation frequency compared to standard maize stocks (45). Extensive genetic and molecular analysis has demonstrated that the increased mutation frequency is caused by the transposition of a family of Mu elements (reviewed in references 10, 13, and 16). Molecular analysis of Mu-induced mutations has identified at least eight classes of nonautonomous and autonomous Mu elements (10). These elements share highly conserved ϳ210-bp terminal inverted repeats (TIRs), and their insertion sites are flanked by a 9-bp direct repeat duplication of the host sequence. Elements are classified by the sequence similarity of their internal sequences. Mu1 is the most active Mu element as measured by frequency of insertion into tagged and cloned maize genes (13). Mu1 elements are also among the smallest of the Mu elements; they have ϳ210-bp TIRs encompassing an ϳ1,000-bp internal region (5). Mu1, like most of the elements in the Mu family, is a nonautonomous element that depends on the presence of MuDR (also called Mu9), the autonomous element, for its transposition (20, 28, 29, 43) .
The Mutator family of transposable elements of Zea mays is considered to be one of the most efficient gene-tagging systems in eukaryotes. Mutator (Mu) transposable elements were first recognized by Robertson in a line of maize that exhibited a 50-to 100-fold increase in its spontaneous mutation frequency compared to standard maize stocks (45) . Extensive genetic and molecular analysis has demonstrated that the increased mutation frequency is caused by the transposition of a family of Mu elements (reviewed in references 10, 13, and 16). Molecular analysis of Mu-induced mutations has identified at least eight classes of nonautonomous and autonomous Mu elements (10) . These elements share highly conserved ϳ210-bp terminal inverted repeats (TIRs), and their insertion sites are flanked by a 9-bp direct repeat duplication of the host sequence. Elements are classified by the sequence similarity of their internal sequences. Mu1 is the most active Mu element as measured by frequency of insertion into tagged and cloned maize genes (13) . Mu1 elements are also among the smallest of the Mu elements; they have ϳ210-bp TIRs encompassing an ϳ1,000-bp internal region (5) . Mu1, like most of the elements in the Mu family, is a nonautonomous element that depends on the presence of MuDR (also called Mu9), the autonomous element, for its transposition (20, 28, 29, 43) .
MuDR is a 4.9-kb element with characteristic Mu TIRs of ϳ210 bp, but it is unique in encoding proteins required for transposition. MuDR encodes two major transcripts, mudrA and mudrB, that are convergently transcribed from promoters in each of the TIRs. The mudrA and mudrB transcripts can be differentially spliced (27) . It is not yet known if these splicing variants produce all of the predicted alternate protein products and, if so, what roles these protein products play in Mutator activities. This study focuses on the 823-amino-acid open reading frame, MURA, encoded by the major, fully spliced mudrA transcript (27) . MURA is of particular interest because it shares a sequence motif with a family of bacterial insertion sequence transposases (22) , suggesting that it is a transposase. MURB, the major protein product of mudrB (21) , is required for Mu element excision (36) , but sequence analysis has not yet provided any clues to its role in Mutator transposition.
Generally, transposase proteins are responsible for carrying out several reactions, including recognition of and binding to the transposon ends, alignment of the two ends in the proper orientation to form a nucleoprotein synaptic complex, endonucleolytic cleavage to expose the 3Ј-OH at the ends, and association and strand exchange with the target DNA in order to insert the element (2, 8, 42, 51, 52) . Based on biochemical studies of other transposable elements, we hypothesized that the MURA transposase was likely to be a DNA-binding protein that recognizes the conserved TIRs shared by all Mu elements.
The mudrA cDNA is extremely difficult to propagate in Escherichia coli. We have been unable to stabilize this gene in any plasmid vector without accumulating point insertions or deletions that produce frameshift mutations in MURA (data not shown). In this study, we report the stabilization of mudrA cDNA in a yeast plasmid and the successful expression of MURA from a yeast-inducible promoter construct. The expression of MURA in a heterologous host has initiated functional characterization of MURA, in particular with respect to its DNA-binding properties.
In this study, we assayed MURA for DNA-binding activity in the presence of the Mu1 element left (L) TIR. We report that MURA binds to a conserved 32-bp region in the Mu1 L TIR. We also analyze MURA's DNA-binding activity with other Mu TIR substrates and methylated Mu1 TIR substrates. Results are discussed in the context of what is known about the regulation of Mutator activities. One particular factor known to influence Mutator activity is methylation. Methylation is a widely used mechanism for the reversible inactivation of transposable elements in plants (3, 40) . Inactivation of Mu element activities has been correlated with DNA methylation of the Mu element TIR sequences (13) . These experiments provide a first step toward understanding the role that MURA may play in the activities of this powerful transposon family.
MATERIALS AND METHODS
Yeast strains and plasmids. MURA expression constructs were made by subcloning a mudrA cDNA into a series of yeast (Saccharomyces cerevisiae) vectors. As this mudrA cDNA cannot be stably maintained in E. coli plasmids, it had to be reconstructed from various mutant cDNA subclones. A series of intermediate yeast constructs (pMB6, pMB7, and pMB8) was generated before the final expression construct, pMB11, was created. This construct was generated in yeast and can be maintained only in yeast. Cloning and reconstruction steps are described below.
The mudrA cDNA construct, pJDA (a gift from R. J. Hershberger) contains two frameshift mutations in the open reading frame of MURA (see references 27 and 28 for mudrA gene structure). Mutation 1 is a deletion of an A at nucleotide (nt) 1371 of MuDR (numbering according to reference 28). Mutation 2 is an insertion of a G between nucleotides C and T at positions 2566 and 2567, respectively (28) . This mutant cDNA was subcloned as a SalI-EcoRI fragment into the low-copy-number yeast vector YCpIF4 (23) , which contains a GAL1 (galactose-inducible) promoter and a URA selectable marker. This new construct is pMB6. Plasmid pMB7 is identical to pMB6 except that mutation 1 has been replaced with a corrected SalI-SphI fragment and a hemagglutinin (HA) epitope tag has been cloned into the SalI site upstream of mudrA as an XhoI fragment. This XhoI fragment was formed by the annealing of two DNA oligomers to create a double-stranded fragment with the sense sequence 5Ј-CTCGAGGT ACCCATACGACGTCCCAGACTACGCTAGCTCGAG-3Ј. An HA epitope-MURA fusion can be made from this construct. The ATG codon, mudrA, and HA epitope coding portions of this construct were sequenced to confirm that we had generated the predicted construct. pMB8 is identical to pMB7 except that mutation 2 has been replaced with a corrected XbaI-to-BamHI fragment (the fragment was sequenced to confirm that it contained no point mutations). This final construct was transformed by electroporation directly into yeast strain YPH499 (48) , as passage through E. coli would most likely have generated new mutations in mudrA. Production of full-length MURA protein was confirmed by Western blotting with an anti-HA (Boehringer Mannheim) antibody. Corrected mudrA fragments for pMB7 and pMB8 were a gift from R. Taylor, who derived them from partial mudrA cDNA clones provided by R. J. Hershberger.
Plasmid pMB11 is a fusion of two plasmids (pYX213 and pQE31) and the MURA coding region of pMB8. The yeast expression plasmid pYX213 (R & D Systems) provides the backbone of the construct. The mutant mudrA of pJDA was subcloned into the E. coli expression plasmid pQE31 (Qiagen) as a KpnIEcoRI fragment. This construct contains a six-histidine (His 6 ) tag at the aminoterminal end of MURA. This tag is part of a 10-amino-acid epitope recognized by a monoclonal antibody (MRGS-His antibody; Qiagen). An EcoRI-ApoI pQE31-mudrA fusion fragment was subcloned into the EcoRI site of pYX213. Then a BamHI-HindIII mudrA-pQE31 fragment was subcloned into the BamHI-to-HindIII sites of pYX213. This intermediate construct now contains the pYX213 backbone carrying the 5Ј end of mudrA fused to a His 6 tag and the 3Ј end of mudrA fused to pQE31 polylinker; the structure was confirmed by sequencing. The ATG start codon is provided by pYX213. This construct was linearized with a partial digest at the NcoI site between the two mudrA fragments. A corrected mudrA cDNA was PCR amplified from pMB8 and coelectroporated with the linearized pYX213 construct into yeast strain YPH499. Homologous recombination between the two linear molecules gave rise to pMB11. Ura ϩ yeast colonies were screened by Western blotting analysis for full-length MURA expression by probing with the MRGS-His antibody (Qiagen). These colonies contain the final construct pMB11, a 2m-based, GAL1 promoter-driven, His-tagged, corrected, MURA construct. Plasmid pYX213 is used as a negative control in this study.
Preparation of yeast protein extracts. Yeast strains bearing plasmids were grown in the appropriate synthetic minimal medium (YNB-Ura) with 2% glucose or 2% galactose. MURA extracts were prepared from galactose-induced yeast carrying the pMB11 (MURA) construct. Negative control extracts (YX213) were prepared from galactose-induced yeast carrying the pYX213 vector construct. Extracts were prepared identically. An overnight yeast culture grown in YNBUra-2% glucose was inoculated 1:100 into 4 liters of YNB-Ura-2% galactose and grown to late log phase. Cells were harvested by centrifugation, washed once in H 2 O, and washed once in lysis buffer (10 mM Tris-Cl [pH 7.9], 50 mM NaCl, 1 mM EDTA, 10% glycerol, 1 mM dithiothreitol). All subsequent steps were performed on ice or at 4°C. Pellets were resuspended in 10 to 20 ml of lysis buffer with 1ϫ protease inhibitor cocktail (0.42 g of benzamidine, 0.83 g of leupeptin, 50 g of soybean trypsin inhibitor, 0.83 mg of pepstatin, and 0.83 mg of chymostatin per ml), 2 mM phenylmethylsulfonyl fluoride (PMSF), and 7.5 to 15 ml of acid-washed glass beads (425 to 600-m diameter). Cells were broken in lysis buffer by 20-s pulses of vortexing for a total of 4 to 5 min. Debris was removed by centrifugation at 10,000 ϫ g for 15 min. Polyethyleneimine (pH 7.9) was added to the supernatant to a final concentration of 0.1% (vol/vol). Precipitated protein and nucleic acid were collected by centrifugation at 10,000 ϫ g for 20 min. The supernatant was removed, and protein was eluted from the pellet for 15 min with 5 ml of elution buffer (lysis buffer with 1ϫ protease inhibitor cocktail, 2 mM PMSF, and 0.5 M NaCl). Precipitated material was removed by centrifugation at 10,000 ϫ g for 15 min. Solid (NH 4 ) 2 SO 4 (0.35 g/ml) was added and dissolved slowly into the supernatant for 1 h. Precipitated protein was collected by centrifugation at 10,000 ϫ g for 15 min. Pellets were resuspended in 2 ml of sample buffer (50 mM Na 2 HPO 4 [pH 8], 500 mM NaCl, 5 mM ␤-mercaptoethanol, 5% glycerol, 1 mM PMSF, 1ϫ protease inhibitor cocktail) and dialyzed against sample buffer with 100 M PMSF. Precipitated material was removed from the dialysate by centrifugation at 10,000 ϫ g for 15 min. The supernatant was frozen in liquid N 2 and stored at Ϫ70°C.
Enrichment for His-tagged MURA on Ni-NTA resin. One milliliter of Qiagen Ni-nitrilotriacetic acid (NTA) resin slurry was equilibrated with Ni-NTA binding buffer (50 mM Na 2 HPO 4 [pH 7.6], 500 mM NaCl, 5 mM ␤-mercaptoethanol, 1 mM PMSF, 10 mM imidazole). Ni-NTA resin was added to 2 ml of protein extract (brought to 10 mM imidazole) in a disposable plastic column and incubated on a shaker at 4°C for 5 h. The column was packed, washed with 20 ml of binding buffer and with 20 ml of wash buffer (50 mM Na 2 HPO 4 [pH 7.6], 500 mM NaCl, 5 mM ␤-mercaptoethanol, 1 mM PMSF, 20 mM imidazole), and eluted six times with 500 l of elution buffer (50 mM Na 2 HPO 4 [pH 7.6], 500 mM NaCl, 5 mM ␤-mercaptoethanol, 1 mM PMSF, 100 mM imidazole), collecting fractions E1 through E6. Fractions were assayed for the presence of MURA by electrophoresis on duplicate sodium dodecyl sulfate (SDS)-polyacrylamide gels that were either stained with Coomassie blue or Western blotted and probed with the MRGS-His antibody (Qiagen) to detect MURA (data not shown). MURAcontaining fractions (usually E2 and E3) were dialyzed against storage buffer (10 mM Tris-Cl [pH 7.9], 50 mM NaCl, 1 mM EDTA, 20% glycerol, 1 mM dithiothreitol, 100 m PMSF). Precipitated material was removed from the dialysate by centrifugation at 10,000 ϫ g for 15 min. The supernatant was frozen in small aliquots in liquid N 2 and stored at Ϫ70°C. Protein concentrations were determined by using the Bio-Rad protein assay reagent.
SDS-PAGE and Western blot (immunoblot) analysis. Ten to thirty micrograms of extract was separated by SDS-polyacrylamide gel electrophoresis (PAGE) in an 8 or 10% polyacrylamide gel (34) . Protein was visualized by staining with Coomassie blue.
For immunoblotting, extracts were separated on an SDS-8 or 10% polyacrylamide gel, electroblotted to nitrocellulose membranes (Schleicher & Schuell), and processed by standard techniques (1) . Membranes were blocked in TBST (137 mM NaCl, 20 mM Tris-Cl [pH 7.6], 0.1% Tween 20) containing 5% milk and 1% bovine serum albumin prior to incubation in TBST containing a 1:2,000 dilution of the primary mouse monoclonal antibody (MRGS-His antibody; Qiagen) that recognizes the His 6 epitope of the pQE31 coding portion of pMB11. MURA bands were visualized with sequential incubation of the membranes in alkaline phosphatase-conjugated goat anti-mouse immunoglobulin G (heavy and light chains) secondary antibody (Promega) diluted 1:5,000 and a 1-step nitroblue tetrazolium-5-bromo-4-chloro-3-indolylphosphate (Pierce) detection reagent. Membranes were washed at least three times with TBST between incubations.
Preparation of gel mobility shift and footprinting probes. Mu1 L TIR (nt 1 to 210) DNA probes for gel mobility shift assays and footprinting were generated by PCR amplification of the 210-bp region of Mu1 L TIR from plasmid pDTE1 (17) . To generate strand-specific probes end labeled with [␥-32 P]ATP, one of the two primers used in the PCR reaction, primer 1 (5Ј-CGCGGTACCAGATCTGAG ATAATTGCCATT-3Ј) or primer 2 (5Ј-GCGCTCGAGAGATCTGGAGAC AAGAAGAGT-3Ј), was end labeled with [␥-32 P]ATP by using polynucleotide kinase (GIBCO BRL) as described by the manufacturer. Primers 1 and 2 (alternately labeled) were used to PCR amplify each probe. PCR conditions were 94°C for 30 s, 55°C for 30 s, and 72°C for 30 s for 25 cycles. PCR products were electrophoresed on a 5% polyacrylamide gel and purified from the acrylamide by electroelution onto a DEAE membrane (Schleicher & Schuell) by standard procedures (1) .
All other DNA probes were generated by annealing two synthesized DNA oligomers and using the kinase reaction to label the double-stranded product as described above. Oligomer sequences and probes made in this manner are shown in Table 1 . Probes were electrophoresed on a 15% polyacrylamide gel and purified from the polyacrylamide by electroelution onto a DEAE membrane as described above. A scintillation counter was used to determine the total counts per minute of labeled probe. The molar concentration of the probe was calculated based on the specific activity of the [␥-
32 P]ATP used in the labeling reaction.
Gel mobility shift assay. The gel mobility shift assays were performed in 20-l reaction mixtures that contained 10 mM Tris-HCl (pH 7.5), 7.5% glycerol, 0.05% Nonidet P-40, 1 g of poly(dI-dC), 2 g of calf thymus DNA, 17 g of bovine serum albumin, and 20,000 cpm of labeled DNA probe. Five micrograms of either MURA or pYX213 protein extract was added to each reaction mixture, which was then incubated for 20 min at room temperature. Two microliters of a 10ϫ loading dye (250 mM Tris-HCl [pH 7.5], 0.2% bromophenol blue, 0.2% xylene cyanol, 40% glycerol) was added to each reaction mixture. Reaction mixtures were loaded on a 5% polyacrylamide gel (acrylamide/bisacrylamide, 80:1) in a Tris-glycine buffer (50 mM Tris, 380 mM glycine, 2 mM EDTA [pH ϳ8.5]) and electrophoresed at 140 V for about 3 h at 4°C. The gel was dried and exposed to X-ray film at Ϫ70°C. Alternatively, the gel was dried and analyzed in a Bio-Rad Phosphor Imager. Scanned images were analyzed with the Bio-Rad Molecular Analyst software.
For competition experiments, gel mobility shift experiments were performed as described above except that the reaction mixtures contained from 10-to 800-fold molar excess of a specific or nonspecific unlabeled DNA competitor. A double-stranded 32-bp fragment corresponding to the Mu1 L TIR MURA binding site (MBS) was used as a specific competitor. A double-stranded 50-bp DNA fragment from plasmid pMB7 was used as a nonspecific competitor. Reaction mixtures were incubated with 5 g of MURA protein extract for 35 min at room temperature and then treated as described above.
Cross-competition experiments were performed as described above but included a 10-, 50-, or 200-fold molar excess of unlabeled 32-bp competitor. These specific competitors (Table 1) correspond to different Mu element (Mu1, Mu2, Mu5, and Mu9) binding sites or to methylated forms of the Mu1 L TIR binding site. Gels from these assays were analyzed on a Bio-Rad Phosphor Imager. Complex C1 (see Results) for each reaction was quantified by using the Bio-Rad Molecular Analyst software. Pixel density from complex C1 for each reaction is expressed as a percentage of pixel density of complex C1 in those reactions with no competitor added. Two independent experiments were performed for each cross-competition. Results were reproducible between the two experiments; hence, data from only one gel are presented.
DNase I footprinting. For the DNase I footprint assays, six 50-l gel mobility shift reactions were performed as described above, each with 10 5 cpm of labeled probe and 5 g of MURA protein extract. Reaction mixtures were incubated at room temperature for 30 min. Five microliters of a Ca 2ϩ -Mg 2ϩ solution (5 mM CaCl 2 , 10 mM MgCl 2 ) was added, and the mixture was incubated for 1 min. Then 1 U of DNase I (Pharmacia) was added to each reaction mixture, which was then incubated for 1 min. The reaction was quenched with 2.7 l of 0.5 M EDTA. Five microliters of 10ϫ loading dye was added to each reaction mixture, and the mixture was loaded onto a 5% polyacrylamide gel and electrophoresed at 140 V for about 3 h at 4°C. The wet gel was exposed to Kodak Biomax MS film (with screen) for 2 h at 4°C. The free and shifted bands were then excised, and DNA was electroeluted from gel slices onto a DEAE membrane (Schleicher & Schuell) (1) and ethanol precipitated. DNA was resuspended in formamide loading dye buffer (deionized formamide containing 10 mM EDTA, 0.3% bromophenol blue, and 0.3% xylene cyanol), denatured at 80°C, and electrophoresed on an 8% polyacrylamide-7 M urea denaturing gel adjacent to MaxamGilbert (41) GϩA sequencing ladders. The gel was dried and exposed to X-ray film at Ϫ70°C.
1,10-Phenanthroline-copper footprinting within the polyacrylamide gel. Six 50-l gel mobility shift reactions were prepared on a polyacrylamide gel as described above. After 2 h of autoradiography at 4°C onto Kodak Biomax MS film (with screen), the free and shifted bands were excised into small petri dishes. 1,10-Phenanthroline-copper chemical cleavage of MURA-DNA complexes or free DNA was conducted as described elsewhere (33) . The treated DNA was electroeluted from gel slices onto a DEAE membrane (Schleicher & Schuell) (1) and ethanol precipitated. DNA was resuspended in formamide loading dye buffer, denatured at 80°C, and electrophoresed on an 8% polyacrylamide-7 M urea denaturing gel adjacent to Maxam-Gilbert (41) GϩA sequencing ladders. The gel was dried and exposed to X-ray film at Ϫ70°C.
RESULTS

MURA can be expressed in yeast.
The mudrA gene cannot be stably maintained in E. coli (28) , a limitation that has plagued analysis of protein function. Repeated attempts to propagate this gene in various vectors both in E. coli and Agrobacterium strains have produced aberrant versions of the gene. Both the cDNA and the intron-containing gene appear to be unstable in these bacteria. A necessary first step in this study was the creation of a correct and stable mudrA cDNA construct. This first step is described in detail in Materials and Methods. We have shown that mudrA can be reconstructed, stably maintained, and expressed in yeast. A soluble, His 6 -tagged version of MURA can be partially purified from yeast protein extracts. The His 6 tag epitope in the native form of this large fusion protein does not seem to be well exposed, as it was with some difficulty that we were able to enrich for MURA on Ni-NTA resin. Figure 1A shows a Coomassie blue-stained SDS-polyacrylamide gel of yeast lysates expressing MURA (lane 2) and a vector-alone negative control, YX213 (lane 3). The MRGS-His antibody (Qiagen) recognizes His 6 -MURA as a ϳ120-kDa protein on an immunoblot of these lysates (Fig. 1A, lane 5) . The predicted molecular mass for this fusion protein is 97 kDa. The larger than expected molecular mass suggests that MURA may exhibit anomalous electrophoretic behavior or that it may MURA cell lysates were precipitated with polyethyleneimine (PEI), and protein was extracted from the pellet with 0.5 M NaCl. After an ammonium precipitation and dialysis step (extract shown in lane 2), extracts were enriched for His 6 -MURA by affinity purification on a Ni-NTA column (Qiagen) (extract shown in lane 3). Partially purified MURA extracts described above were electrophoresed on an SDS-8% polyacrylamide gel and analyzed by Coomassie blue staining of the gel. Lane 1 contains molecular mass markers (M). Arrows indicate MURA. The His 6 -MURA fusion protein has a predicted molecular mass of 97 kDa but migrates with an apparent molecular mass of ϳ120 kDa. undergo protein modifications in yeast that cause it to run as a larger protein in SDS-polyacrylamide gels. No cross-reacting material is seen in YX213 extracts. In some of our lysates, degradation products of MURA can be detected (Fig. 1A , lane 5). Lysates were enriched for MURA by polyethyleneimine precipitation (Fig. 1B, lane 2) and subsequent Ni-NTA chromatography. MURA is visible on a Coomassie blue-stained gel as a ϳ120-kDa band (Fig. 1B, lane 3) . Other bands seen in these extracts are yeast proteins that copurify with MURA by Ni-NTA chromatography. Western blotting of an identical gel with the MRGS-His antibody confirms that the ϳ120-kDa band is MURA (data not shown).
MURA binds to the 210-bp L TIR of Mu1 in gel mobility shift assays. All eight major classes of Mu elements share ϳ210-bp highly conserved TIRs. We hypothesized that MURA would bind to these ends. A compilation of all published Mu insertion alleles indicates that 55% of all Mu insertions contain a Mu1 element (data not shown). As the most active Mu element in most Mutator lines, Mu1 (see Fig. 4A ) was chosen as the model DNA substrate. Gel mobility shift assays were performed with yeast extracts containing MURA to assay for the DNA-binding activity of MURA with the 210-bp L TIR of Mu1. MURA formed two protein-DNA complexes with this TIR (Fig. 2, lane 3) , C1 and C2. YX213 extracts consistently formed a faint complex with a mobility close to that of C2, leading us initially to interpret complex C2 as a yeast extractspecific complex. This C2-like band was especially strong in experiments with YX213 extracts that had not been subjected to the Ni-NTA enrichment step (data not shown). Western blotting of a gel mobility shift assay and probing with the MRGS-His antibody, however, confirmed that both C1 and C2 were MURA-specific complexes (data not shown).
Detection of an MBS on the L TIR of Mu1 by DNase I and 1,10-phenanthroline-copper footprinting. A MURA binding site (MBS) was defined by both DNase I and phenanthrolinecopper footprinting of the MURA-Mu1 L TIR complex C1. Footprinting was performed by alternately labeling each of the strands of the 210-bp Mu1 TIR. Footprints performed with a Mu1 TIR fragment labeled on the top (5Ј-to-3Ј) strand are shown in Fig. 3A and B ; footprints performed with a Mu1 TIR fragment labeled on the bottom (3Ј-to-5Ј) strand are shown in Fig. 3C and D. DNase I footprinting of the TIR fragment labeled on the top strand indicates that MURA protects a region of ϳ16 bp from nt 36 to 51. A strong hypersensitive cleavage site is visible at the A at nt 45 ( Fig. 3A and 4C) . Phenanthroline-copper footprinting, performed on complex C1 in a gel slice, produces a broader footprint on this strand. MURA protects a region of ϳ23 bp from nt 34 to 56 ( Fig. 3B  and 4C ).
DNase I footprinting of the TIR fragment labeled on the bottom strand indicates that MURA protects a region of ϳ23 bp from nt 32 to 54. A hypersensitive cleavage site is visible at the A at nt 47 ( Fig. 3C and 4C ). Phenanthroline-copper footprinting repeatedly produced a footprint on this bottom strand whose borders were difficult to interpret. Data from several gels suggest that there is a broad, ϳ29-bp footprint from ϳnt 25 to 53 ( Fig. 3D and 4C) . Collectively, footprinting assays implicate the 32-bp region from positions 25 to 56 as involved in MURA recognition of the TIR. This is the region we define as the MBS.
The TIR region protected by MURA during phenanthroline-copper footprinting was reproducibly broader than that protected during DNase I footprinting. The two cleavage methods differ in two major ways that might help explain these results. First, the phenanthroline-copper footprinting was performed within the gel matrix. An acrylamide matrix might stabilize the MURA-Mu1 DNA complex, permitting us to detect protein-DNA interactions that are not readily detectable in DNase I footprinting assays that are performed in solution (47) . Second, DNase I footprinting was performed in the presence of MgCl 2 . Gel mobility shift assays indicate that the C1 and C2 MURA-Mu1 DNA complexes are not as stable in the presence of MgCl 2 (data not shown). It is possible that only the strongest MURA-Mu1 DNA interactions are detectable in the presence of MgCl 2 , and hence the protected region in DNase I experiments appears smaller.
A 32-bp segment of the Mu1 L TIR is sufficient for specific MURA binding. A 32-bp region bracketing the region defined by DNase I and phenanthroline-copper footprinting was tested for MURA binding, using a gel mobility shift assay ( Table 1 shows the sequence of the Mu1 L TIR probe). Our data show the formation of two protein-DNA complexes with different mobilities when MURA is added to the reaction (Fig. 2, lane  6 ) and no protein-DNA complexes when the control extract (YX213) is added to the reaction (Fig. 2, lane 5) . The complexes formed on the 32-bp DNA substrate have mobilities almost identical to those of complexes C1 and C2 that are seen with the 210-bp TIR probe (Fig. 2, lane 3) . We propose that these complexes with the 32-bp DNA substrate are equivalent to C1 and C2. When the Mu1 DNA probe is reduced from the 210-bp complete TIR probe to the 32-bp MBS probe, we no longer detect the background yeast-Mu1 complexes seen in our initial gel mobility shift assays. This observation suggests that there are yeast factors capable of interacting, under our reaction conditions, with other TIR sequences surrounding the MBS. The formation of these complexes (C1 and C2) was inhibited in a dose-dependent manner by unlabeled probe but was not affected by an oligomer corresponding to a nonrelated DNA sequence (Fig. 5) . These competition studies demonstrate the specific nature of the MURA-MBS interaction. While the exact protein composition of complexes C1 and C2 is undefined, both complexes are found only in the presence of MURA. We hypothesize that MURA is capable of forming multimeric complexes and that C1 could be a monomer and C2 could be a dimer of MURA. It is also possible that MURA forms a second complex by interacting with a yeast protein. Our assay cannot distinguish between these possibilities. In some of our gels, we detect a faint faster-migrating band beneath complex C1 (Fig. 5, 6A , and 8A). As we have detected MURA degradation products in some of our extracts, we hypothesize that this band is a breakdown product of MURA that can still interact with DNA.
MURA binds to unmethylated, hemimethylated, and homomethylated forms of the 32-bp MBS. Active Mutator lines (defined by a high forward mutation frequency reflecting Mu element insertion and high frequency Mu element excision) can undergo epigenetic loss of Mutator activity. Such inactive Mutator lines lack both Mu element insertion and excision. Molecular analysis of inactive Mutator lines has demonstrated that the Mu elements in these stocks become resistant to digestion with restriction enzymes sensitive to cytosine 5-methylation in the sequences 5Ј-CpG-3Ј and 5Ј-CpNpG-3Ј (9, 11, 12, 14, 19, 38, 56) . Methylation of Mu1 elements is extensive because it is sufficient to alter the buoyant density of Mu1 elements (55) . In the case of Mu1, the HinfI site at position 35 Fig. 4B ) of the Mu1 L TIR DNA fragment was 32 P labeled. The fragment was bound to MURA and subjected to DNase I footprinting. This reaction mix was electrophoresed on a 5% nondenaturing polyacrylamide gel. Unbound DNA fragments and DNA in the MURA-DNA complex C1 (Fig. 2) were eluted from the gel and electrophoresed on a denaturing sequencing gel. Lanes marked BOUND PROBE show the DNase I cleavage patterns obtained following complex formation of Mu1 L TIR and MURA. Lanes marked FREE PROBE show the DNase I cleavage pattern of the free DNA. (B) The upper (5Ј-to-3Ј) strand of the Mu1 L TIR DNA fragment was 32 P labeled. The fragment was bound to MURA and electrophoresed on a 5% nondenaturing polyacrylamide gel. Free and gel-retarded DNA fragments (complex C1) were subjected to phenanthroline-copper footprinting within the polyacrylamide gel matrix. Unbound DNA fragments and MURA-bound DNA fragments were eluted from the gel and electrophoresed on a denaturing sequencing gel. (Fig. 4B) has become a diagnostic site to assess methylation state (14, 18) . Coincidentally, this HinfI site lies in the region of the TIR that we have identified as the MBS. Hence, we know that the inactivation of Mu1 is correlated with the methylation of residues that lie within the MBS. It is not clear whether the modification of Mu elements is the cause or a result of Mutator inactivation. It has been proposed that the Mutator transposase may act to prevent a default modification process (18) by protecting the TIR region from methylation. Conversely, methylation of the TIR may prevent MURA from binding and prolong the inactive Mutator state. We decided to test whether MURA could bind to a methylated MBS and whether it had a preference for a particular methylated strand. Thirty-two-base-pair MBS complementary oligomers were synthesized with 5-methyl cytosines at all 5Ј-CpG-3Ј and 5Ј-CpNpG-3Ј sites ( Table 1) . The upper (5Ј-to-3Ј) strand is called Mu1 L TIR A-me, and the lower (3Ј-to-5Ј) strand is called Mu1 L TIR B-me. These oligomers were annealed to one another or to complementary unmethylated versions of the MBS and tested as labeled probes in gel mobility shift assays (Fig. 6A) . Assays were performed with hemimethylated substrates (Mu1 L TIR A/me-B in lanes 1 and 2; Mu1 L TIR A-me/B in lanes 3 and 4), homomethylated substrate (Mu1 L TIR A-me/B-me in lanes 5 and 6), and unmethylated substrate (Mu1 L TIR A/B in lanes 7 to 9). MURA forms complexes C1 and C2 with each of these probes, suggesting that it is capable of binding to both methylated and unmethylated substrates. This gel mobility shift experiment suggests, however, that MURA has a preference for one form of hemimethylated (Mu1 L TIR A-me/B) substrate over the other hemimethylated substrate (Mu1 L TIR A/me-B), to which MURA seems to bind weakly. To confirm these observations, we conducted a cross-competition gel mobility shift experiment. The dose-dependent competition of an unlabeled methylated substrate with the labeled unmethylated MBS for MURA binding was quantified in complex C1 (Fig. 6B and Materials and Methods). Complex C1 formed in the presence of 10ϫ, 50ϫ, or 200ϫ molar competitor was compared to the amount of complex C1 formed in the absence of any competitor. Increasing amounts of unlabeled homomethylated, hemimethylated, or unmethylated Mu1 L MBS progressively blocked MURA binding to the 32 P-labeled Mu1 L MBS, confirming that each of these probes can interact specifically with MURA. A 50-to 100-fold excess of unmethylated, homomethylated, and A-me hemimethylated competitor was required for a 50% inhibition of MURA binding. In contrast, even a 200-fold molar excess of B-me hemimethylated competitor did not achieve a 50% reduction in MURA binding. These data confirm that MURA can bind to methylated substrates and corroborate the preference of MURA for one hemimethylated form of the MBS DNA over the other.
Interaction of MURA with other Mu element TIRs. The TIR sequences of Mu elements are highly conserved. In pairwise comparisons, all Mu TIRs have a minimum of 77% sequence identity (13) . Fifty-four percent of the residues are completely conserved in all TIRs. Now that we had defined an MBS in the Mu1 L TIR, we were in a position to analyze the conservation of the 32-bp region in the other cloned Mu element TIRs. An alignment of the MBS of elements Mu1 through Mu9 is shown in Fig. 7 . Mu4, Mu5 (49) , and Mu6 (54) have never been shown to transpose and may not be active Mu elements. When all Mu elements are compared, 56% of the MBS residues are completely conserved. When only active Mu elements are com- 2, 4, 6 , and 9 contained no protein extract. Gel shift reactions were electrophoresed on a 5% nondenaturing polyacrylamide gel. Protein-DNA complexes are labeled C1 and C2. F, unbound probe (free DNA). (B) Graphical representation of cross-competition gel mobility shift experiments. MURA extract and 32 P-labeled MBS (unmethylated) were incubated in the presence of increasing amounts (10-, 50-, and 200-fold molar excesses) of unlabeled unmethylated, hemimethylated, or homomethylated competitors. Reactions were electrophoresed on a 5% nondenaturing polyacrylamide gel. The dried gel was analyzed on a Bio-Rad Phosphor Imager. The effect of adding different competitors on the formation of MURA-DNA complex C1 was measured by quantifying the amount (in pixel density) of C1 in each reaction. C1 complex for each competitor was plotted as a percentage of C1 complex when there is no competitor (y axis) against the molar excess of each competitor added (x axis). Two independent experiments were performed. The results presented are those of one experiment.
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To confirm that MURA could bind to the MBS in the TIRs of other Mu elements, we performed a series of gel mobility shift assays with Mu1, Mu2, Mu5, and Mu9 left (L) and right (R) MBSs. As Mu1 L MBS is identical to Mu2 L and R MBSs, only results for Mu1 L MBS are shown. MURA can bind and form complexes C1 and C2 with all the tested MBSs except that of the divergent Mu5 L TIR. We observe a third fastermoving complex in some of our reactions (Fig. 8A) . It is unclear whether this is a novel MURA-DNA complex formed in the presence of slightly different MBS sequences or whether, as mentioned previously, this complex is a degradation complex of C1 or C2.
A series of cross-competition experiments was performed with these MBS sequences (Fig. 8B) parallel to the analysis of the methylated MBS substrates. We followed the dosedependent manner in which different unlabeled Mu MBS substrates competed with the labeled Mu1 L MBS for MURA binding in complex C1. Complex C1 formed in the presence of 10ϫ, 50ϫ, or 200ϫ molar competitor was compared to the amount of complex C1 formed in the absence of any competitor. We observed that increasing amounts of unlabeled Mu1 L and R MBS, Mu5 R MBS, and Mu9 R and L MBS DNA fragments can compete strongly for MURA binding. A 50-to 200-fold excess of competitor leads to more than a 50% inhibition of binding. These results also confirm that Mu5 L MBS is not a competitor for MURA binding, as even a 200-fold excess of Mu5 L MBS competitor has little effect on MURA binding.
DISCUSSION
The Mutator transposable element system of maize is the most active transposable element system characterized in higher plants. Mutator elements have been used to generate and tag thousands of new mutants in maize. While Mutator has become an important experimental and mutagenic tool, its mechanisms of transposition and regulation are poorly understood. The Mutator autonomous element, MuDR, encodes at least two proteins, MURA and MURB, whose functions remain unknown. Based on in vivo deletions that eliminate Mutator activity, both MuDR coding regions seem to be required for Mutator transposition (29, 36) . Furthermore, amino acid sequence analysis suggests that MURA is a transposase (22) . This sequence similarity to other transposases makes MURA a likely candidate to be a DNA-binding protein. Mu elements are defined by their highly conserved ϳ210-bp TIRs. We hypothesized that it was within this region that MURA was most likely to bind.
Yeast is a suitable host for expression of MURA constructs. One of the biggest hurdles that we faced in planning to test our hypothesis that MURA was a DNA-binding protein was that we had yet to find an expression system or even a heterologous host in which mudrA could be propagated without accumulating point mutations or frameshifts. In this study, we describe the first correct and stable mudrA expression construct. We have been able to reconstruct mudrA in a yeast plasmid and have found that yeast provides a suitable host for mudrA and its protein product MURA.
MURA is a DNA-binding protein that interacts with a highly conserved 32-bp region of the Mu element TIR. Protein extracts prepared from yeast expressing MURA were used in a series of gel mobility shift and DNA footprinting assays to demonstrate that MURA is a sequence-specific DNA-binding protein and that it can interact with a conserved ϳ32-bp region of a Mu element TIR. Analysis of the degree of conservation of regions of the TIR shows that the MBS is in one of the more highly conserved sections (data not shown). Within this region is a core sequence (nt 35 to 53) where 18 of 19 nt are perfectly conserved between all active Mu elements. The MBS does not have any sequence similarity with any other part of the Mu TIR or with any of the internal sequences of MuDR or the nonautonomous Mu elements. Our data suggest that MURA binds to only one motif of the mobile Mu elements, a motif found only within the TIRs.
Interestingly, our data suggest that MURA is capable of forming DNA-protein complexes of different mobilities under the conditions in which we perform our gel mobility shift assays. We cannot eliminate the possibility that MURA interacts with a yeast protein present in the extracts to form multiple complexes. However, we hypothesize, based on models from other transposable element systems such as Suppressor-mutator (Spm) (50) , that MURA may bind to the MBS as a monomer as well as a dimer, or at least in some multimeric form. Further experiments will have to be done to test this hypothesis.
MURA can interact with methylated versions of the Mu MBS. Mu elements can undergo a form of epigenetic negative regulation in which the system becomes inactive, even in the presence of multiple copies of the autonomous MuDR element. This inactive state has been correlated with methylation of 5Ј-CpG-3Ј and 5Ј-CpNpG-3Ј sites within the TIRs of Mu elements, including those of the autonomous MuDR element. Inactivation of the system has also been correlated with a transcriptional inactivation of MuDR (27, 30) . In the maize transposons Activator (Ac) and Spm, epigenetic regulation is also correlated with methylation. Once established, methylation is likely to maintain the inactive phase by altering transcription of regulatory elements and by affecting recognition of transposon termini by the transposase (25, 32) . Methylation and the loss of activity of a Mu element can be reversed by crossing the inactive line with an active Mutator line (14, 38, 53) . trans-acting factors present in an active line, presumably products of transcriptionally active MuDR elements, are involved in this reactivation and demethylation process. We postulate that MURA binding may prevent maintenance methylation at the Mu element TIRs. Furthermore, it is possible that the trans-acting factor involved in reactivation is also MURA and to accomplish epigenetic reactivation MURA must also bind to methylated TIRs.
Our experiments demonstrate that MURA is capable of binding both hemi-and homomethylated substrates. These results are consistent with a model in which MURA is capable of binding to a hypomethylated substrate to prevent methylation but is also capable of binding to a methylated substrate to participate in the reactivation of an inactive system. The binding of MURA to a homomethylated substrate or to a hemimethylated DNA replication product could block further modification, allowing complete demethylation of the Mu element within the next two rounds of DNA replication. We have observed in our gel mobility shift and cross-competition experiments that MURA has a preference for one hemimethylated substrate over the other. This preference resembles that of Ac transposase, which shows stronger binding to one hemimethylated substrate than the other (32) . For Ac, this bias for a specific substrate is hypothesized to suggest the preference for the excision of an element from one particular chromatid (strand selectivity) of newly replicated DNA (57) . Preferential transposition of one hemimethylated species of transposable element over the other has also been seen in IS10 of E. coli (44) . In the case of IS10, it has been suggested that this preference of the transposase for newly replicated, hemimethylated DNA couples transposition to replication. Such coupling combined with strand selectivity is advantageous because it ensures that a gapped donor molecule can use its sister chromatid substrate for repair in case of DNA degradation (31). MURA's binding preference for one hemimethylated species over the other is consistent with the IS10 model of strand selectivity and the coupling of transposition with replication. A rigorous test of this model, however, will require further experimental work.
MURA binds to the TIRs of other Mu elements. Because we propose that MURA is the Mutator family transposase that interacts with the highly conserved TIRs, it is important that we demonstrate that MURA can bind to other Mu elements that are actively transposing in our Mutator maize lines. We performed a series of mobility shift assays with Mu1 (Mu2), Mu5, and Mu9 MBSs as DNA substrates. MURA formed DNA-protein complexes C1 and C2 with the L and R MBSs of each of these elements, except for the L MBS of Mu5. Mu5 was cloned from a non-Mutator line by searching for sequences that cross-hybridized with Mu TIR sequences (49) . Mu5 L TIR is missing one base pair in the MBS and has three base substitutions in what is the most conserved region of the MBS. MURA does not bind to this degenerate MBS under our reaction conditions, thus confirming that we have identified the Mu element sequences with which MURA interacts. Furthermore, these data provide an explanation for why Mu5 has never been shown to transpose: it lacks an adequate MBS.
The promoter sequences for the abundantly transcribed mudrA and mudrB genes lie in the MuDR TIRs and transcription initiates at nt 169 and 4780, respectively, of the TIRs (7, 27) . We have demonstrated that MURA can bind to the MBS sequences of the MuDR TIRs; however, we do not know if the sequences of the MBS overlap or influence transcription from these as yet undefined promoters. Furthermore, we do not know if binding of MURA to the MBS has any effect on MuDR expression. There is precedent in other plant transposons for this type of autoregulation. For example, the Spm transposase, TnpA, can repress transcription of a promoter that contains the TnpA 12-bp recognition site (25) . Conversely, TnpA can reactivate an inactive, C-methylated Spm promoter (46) . Similarly, Ac promoter activity in transgenic tobacco plants can be repressed by the Ac transposase (24) . It is possible that MURA can affect MuDR promoter activity. Further analysis will be required to explore this possibility.
Host factors and Mu TIR sequences. As mentioned previously, a unique feature of the Mu element family is that the different elements within each subfamily have little if any internal sequence similarity but have high sequence identity in the TIR region. What selective pressures maintain this entire ϳ210-bp region in diverse elements? Perhaps these sequences contain information necessary not only for transposase binding but also for host protein binding and alignment of the ends in the proper orientation to form a nucleoprotein synaptic complex. Our experiments demonstrate that MURA binds to one region at the outer 5Ј end of the TIR. Previous experiments have shown that there are two other binding sites at the inner 3Ј end of the Mu1 TIR that are specifically recognized by maize nuclear proteins (58) (Fig. 4B) . It has been observed that a species-specific host factor, IRBP of Drosophila melanogaster, interacts with the P-element inverted repeats (6) , and bacteriophage Mu requires the E. coli host factors HU and IHF for assembly of the Mu transposition intermediates (for a review, see reference 15). The TIRs of Mu elements are complex sequences that are recognized by MURA as well as maize host factors. It is possible that Mutator transposition involves the formation of nucleoprotein complexes that include MUR proteins and host factors.
Mu element read-out promoters may overlap with the MBS. Another special feature of the Mu1 TIR is that in some Mu1 insertions, a read-out promoter activity can be detected from the TIRs. For example, consider the Mu1 element in the hcf-106 allele, which is inserted in the 5Ј region of the gene. When Mutator activity is epigenetically lost and the MUR proteins are presumably absent, the Mu1 L TIR, which is close to the hcf-106 coding region, functions as a read-out promoter (4). This type of read-out promoter activity has been termed suppression, and multiple suppressible alleles with Mu insertions have been described (20, 26, (37) (38) (39) . In some bacterial transposons that also contain read-out promoters near their termini, the promoter and transposase binding sites overlap (35) . The transcription start sites for the hcf-106::Mu1 allele were mapped (4) to positions between nt 1 and 47 ( Fig. 4B ) of the Mu1 L TIR. The positions of these transcription start sites suggest that the read-out promoter and the MBS also overlap. Consequently, transcription factors may compete with MURA for TIR binding. Suppression may occur when MuDR becomes inactivated and MURA is no longer available. The TIRs may then become capable of serving as read-out promoters.
Conclusions. We have demonstrated that MURA is a sequence-specific DNA-binding protein that recognizes and binds to a highly conserved MBS region of the Mutator family transposon ends. Our study indicates that MURA is capable of performing the first of several reactions that are required for the transposition of a Mu element, thus classifying MURA, functionally, as a transposase. We have discussed this binding activity in the context of what is known about the features of the Mu element TIR sequences and what is known about the regulation of Mutator activities. Transposons have become powerful tools for gene cloning and mutagenesis. Our ability to use these transposable elements comes from the cumulative genetic, molecular, and biochemical research that illuminates their regulation and mechanisms of transposition. We have presented evidence that demonstrates that MURA most likely plays a key role in the activities of what still remains a complex but powerful transposon.
